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Mechanism of Nitrogenase Switch-Off by Oxygen
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Oxygen caused a reversible inhibition (switch-off) of nitrogenase activity in whole cells of four strains of
diazotrophs, the facultative anaerobe Klebsiella pneumoniae and three strains of photosynthetic bacteria
(Rhodopseudomonas sphaeroides £. sp. denitrificans and Rhodopseudomonas capsulata strains AD2 and BKS5). In
K. pneumoniae 50% inhibition of acetylene reduction was attained at an O, concentration of 0.37 uM. Cyanide
(90 M), which did not affect acetylene reduction but inhibited whole-cell respiration by 60 to 70%, shifted the
O, concentration that caused 50% inhibition of nitrogenase activity to 2.9 pM. A mutant strain of K.
pneumoniae, strain AH11, has a respiration rate that is 65 to 75% higher than that of the wild type, but its
nitrogenase activity is similar to wild-type activity. Acetylene reduction by whole cells of this mutant was
inhibited 50% by 0.20 uM O,. Inhibition by CN~ of 40 to 50% of the O, uptake in the mutant shifted the O,
concentration that caused 50% inhibition of nitrogenase to 1.58 M. Thus, when the respiration rates were
lower, higher oxygen concentrations were required to inhibit nitrogenase. Reversible inhibition of nitrogenase
activity in vivo was caused under anaerobic conditions by other electron acceptors. Addition of 2 mM sulfite
to cell suspensions of R. capsulata B10 and R. sphaeroides inhibited nitrogenase activity. Nitrite also inhibited
acetylene reduction in whole cells of the photodenitrifier R. sphaeroides but not in R. capsulata B10, which is
not capable of enzymatic reduction of NO,”. Lower concentrations of NO,~ were required to inhibit the
activity in NO3 ™ -grown cells, which have higher activities of nitrite reductase. We suggest that the reversible
inhibition of nitrogenase activity (switch-off) by oxygen is a particular case of the general phenomenon of
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diversion of electrons from nitrogenase to other electron acceptors.

Oxygen interferes with biological nitrogen fixation at three
different levels. At the genetic level, oxygen acts by repres-
sion of nitrogenase synthesis (2, 32, 41). In Azotobacter
chroococcum oxygen probably also represses synthesis of
the putative electron donor, flavodoxin (32). Furthermore,
oxygen causes irreversible damage to the enzyme. Dinitro-
genase reductases (Fe proteins) are more sensitive to inac-
tivation by O, than dinitrogenases (Mo-Fe proteins), but the
half-lives of both proteins are a few minutes at the most (33).
Finally, oxygen is responsible for reversible inhibition of
nitrogenase activity in vivo. Studies on the influence of O, on
N, fixation in Azotobacter chroococcum (18, 47), Derxia
gummosa (17), Mycobacterium flavum (4), and Azospirillum
brasilense (16) have shown that the activity can be inhibited
to various degrees by excess oxygenation (switch-off). The
activity returns rapidly when aeration is lowered (switch-on)
without de novo nitrogenase synthesis (12). These observa-
tions led at first to the proposal that O, stress causes
nitrogenase to assume a conformation in vivo which is
inactive, but protected from oxygen (11). Further studies on
partially purified nitrogenase preparations from Azotobacter
vinelandii (15) and Azotobacter chroococcum (31) have
suggested that this conformational protection results from
association of the enzyme with a third protein. In both cases
it was shown that nitrogenase proteins formed an O,-stable
complex with nonheme iron proteins.

In a previous paper (20) it was shown that molecular
oxygen also causes a reversible inhibition of nitrogenase
activity in vivo in three strains of photosynthetic bacteria.
This switch-off was either partial or complete, with 50%
inhibition occurring at O, concentrations of 0.73 uM for
Rhodopseudomonas capsulata B10, 0.32 uM for Rhodo-
spirillum rubrum, and 0.26 pM for Chromatium vinosum.
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When respiration of Rhodopseudomonas capsulata was
inhibited with cyanide, 50% inhibition of acetylene reduction
was shifted to 2.03 uM O,. In this paper we show that the
switch-off of nitrogenase activity is a general phenomenon.
In accordance with previous findings we suggest that O,
causes inhibition by competing for a limited supply of
reducing power. We show that the degree of the switch-off
can be affected by an increase or decrease in respiration in
the presence of oxygen. Most significantly, the phenomenon
does not depend exclusively on the presence of oxygen;
under anaerobic conditions, either nitrite or sulfite can act
equally well as an effector of the switch-off.

MATERIALS AND METHODS

Organisms and culture conditions. Rhodopseudomonas
sphaeroides f. sp. denitrificans IL 106 was a gift from T.
Satoh, Department of Biology, Faculty of Science, Tokyo
Metropolitan University, Tokyo, Japan. Rhodopseudo-
monas capsulata AD2 and BKS were gifts from J. H.
Klemme, Institut fiir Mikrobiologie, Rheinische Friedrick-
Wilhelm-Universitat, Bonn, Federal Republic of Germany.
Klebsiella pneumoniae KP1 was a gift from A. Zamir,
Department of Biochemistry, Weitzman Institute of Science,
Rehovot, Israel. All strains of Rhodopseudomonas
capsulata were grown anaerobically in the light at 30°C on
the medium described by Ormerod et al. (28) with 20 mM
glutamate and 30 mM lactate as the nitrogen and carbon
sources, respectively; this medium was supplemented with
0.002% thiamine hydrochloride. Rhodopseudomonas
sphaeroides f. sp. denitrificans was grown anaerobically in
the light at 30°C on a medium described by Sawada et al. (36)
with 20 mM glutamate and 30 mM malate as the nitrogen and
carbon sources, respectively. K. pneumoniae was grown
under anaerobic conditions on NFDM medium (8) with 5%
glucose as the carbon source and was derepressed for
nitrogenase during a period of 20 h with N, as the sole
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FIG. 1. Effect of O, on acetylene reduction activity of whole
cells. The assays were run in the apparatus described in reference
20. (A) Rhodopseudomonas sphaeroides f. sp. demtrtﬁcans (B)
Rhodopseudomonas capsulata BKS. (C) Rhodopseudomonas cap-
sulata AD2. (D) K. pneumoniae. The left-hand part of each graph
shows the control rate of acetylene reduction assayed under
anaerobic conditions (argon in panels A through C and nitrogen in
panel D). The arrows labeled AIR and C,H, indicate when gases
were added, and the numbers show the steady-state concentrations
of O, in the cell suspensions. The unlabeled arrows indicate the
times of sparging with argon or nitrogen (according to the control
conditions). The right-hand part of each graph represents the
activity after anaerobic conditions were restored.

nitrogen source. K. pneumoniae mutant strain AH11 was
obtained fortuitously when we were selecting for high-
catalase mutants by a series of transfers of an aerobic culture
in hydrogen peroxide-containing media.

Enzymatic activities. Nitrogenase activity was assayed by
the acetylene reduction method. Anaerobic acetylene reduc-
tion in whole cells and in vivo assays in the presence of
oxygen were performed with the apparatus described by
Hochman and Burris (20) which enables simultaneous mea-
surement of acetylene reduction and dissolved oxygen con-
centration. All assays with photosynthetic bacteria were run
under saturated light conditions (200 microeinsteins m~2
s™1). Crude extracts were prepared anaeroblcally by passing
the cells through a French pressure cell at 18,000 Ib/in?. The
extract was centrifuged for 10 min at 15,000 X g to remove
unbroken cells and then for 60 min at 140,000 X g. The
supernatant was used for in vitro nitrogenase assays, and the
chromatophores in the pellet were suspended in 100 mM
Tricine [N-tris(hydroxymethyl)methylglycine buffer], pH 7.5
(Sigma Chemical Co., St. Louis, Mo.). Acetylene reduction
in the crude extract was measured as described previously
(20). Photophosphorylation was measured in the
chromatophore fraction with 3P, as described by Hochman
et al. (21). Respiration was measured at 30°C by monitoring
O, consumption with a Clark type oxygen electrode (Yellaw
Springs Instrument Co., Yellow Springs, Ohio).

Other methods. Bacteriochlorophyll concentrations were
measured in an acetone-methanol extract by using the
method of Clayton (10). Protein was determined by the
method of Lowry et al. (23). For total cell protein measure-
ments the pelleted cells were boiled for 20 min in 1 N NaOH,
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and the supernatant after centrifugation was used for the
assay.

Chemicals, Acetylene was generated from calcium car-
bide. ADP, ATP, creatine kinase (EC 2.7.3.2), and phospho-
creatine were purchased from Sigma Chemical Co. Sodium
dithionite was obtained from E. Merck AG. All other chem-
icals were of analytical grade.

RESULTS

Switch-off of nitrogenase by oxygen. Addition of oxygen to
anaerobic cultures caused inhibition of acetylene reduction
activity in the photosynthetlc bacteria Rhodopseudomonas
sphaeroides f. sp. denitrificans (Fig. 1A) and Rhodopseu-
domonas capsulata BKS (Fig. 1B) and AD2 (Fig. 1C) and
also in K. pneumoniae (Fig. 1D). In all cases, depending on
the O, concentration and duration of the treatment, all or a
great part of the original activity was recovered after re-

moval of the oxygen.

Effect of respiratlon rates on the degree of O, switch-off. In
K. pneumoniae, 0.37 uM O, caused 50% inhibition of C,H,
reduction (Fig. 2), whereas 5.3 uM O, inhibited C,H,
reduction completely. At concentrations of O, up to 1 uM,
full activity was recovered after restoration of anaerobic
conditions; at higher oxygen concentrations (up to 5.3 pM
0,) only 80 to 90% of the activity was recovered (data not
shown). A cyanide concentration of 90 pM inhibited respi-
ration by 60 to 70% in whole cells of K. pneumoniae (Table
1) but did not affect nitrogenase activity. Addition of O, in
the presence of 90 uM cyanide to cell suspensions of K.
pneumoniae caused the same effect of reversible inhibition
of nitrogenase activity as observed in the absence of the
inhibitor (data not shown). However, a plot of acetylene
reduction activity versus dissolved O, concentration in the
presence of cyanide (Fig. 2) revealed that for each O,
concentration the activity was higher in the presence of the
inhibitor than in the absence of the inhibitor; 2.9 pM O, was
required for 50% inhibition of the activity when cyanide was
present.

A mutant strain of K. pneumoniae, strain AH11, which
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FIG. 2. Effect of dissolved O, concentrations on the acetylene
reduction activity of whole cells of K. pneumoniae. The values were
calculated from experiments run under the same conditions as those
described in the legend to Fig. 1D. The control rate of 100% was the
value obtained for each assay before treatment with O,. Symbols:
W, activity in the presence of O,; @, activity in the presence of O,
and 90 uM CN~. The experimental conditions used are described in
Materials and Methods.
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TABLE 1. Whole-cell activities of nitrogenase and respiration in
wild-type K. pneumoniae and K. pneumoniae AH11¢

Cyanide .
Strain concn N;tzg%,?tr;ise Respiration®
(M) ’
Wild type 0 175 £ 26.5 787 = 61
90 175 = 26.5 291 = 15
AH11 0 180 % 27 1,345 = 121
70 180 * 27 1,022 + 59

@ Cells were grown anaerobically with N as the sole nitrogen source. The
rest of the experimental details are described in Materials and Methods.

b Nanomoles of C,H, formed per milligram of protein per hour.

< Nanomoles of O, consumed per milligram of protein per hour.

had respiration rates that were 65 to 75% higher than those of
the wild type but similar nitrogenase activities, was also
investigated (Table 1). Assays of the effect of oxygen on
nitrogenase activity in whole cells of AH11 showed that at
each O, concentration the activity was lower in the mutant
than in the wild type, with 50% inhibition occurring at a
concentration of 0.20 wM (data not shown); 70 uM cyanide
inhibited 40 to 50% of the whole-cell respiration but did not
affect the acetylene reduction rates (Table 1). Inhibition of
acetylene reduction by oxygen in AH11 was always lower in
the presence of cyanide than in its absence (data not shown),
and 1.58 uM O, caused 50% inhibition of the activity. These
findings are in accordance with our working hypothesis that
the switch-off of acetylene reduction activity in the presence
of oxygen is caused by a shortage of electrons available for
nitrogenase activity, when electrons are diverted to support
respiration (electron diversion hypothesis).

Switch-off of nitrogenase activity under anaerobic condi-
tions. The evidence presented above suggests that the
switch-off of acetylene reduction activity in the presence of
oxygen was caused by a shortage of electrons available for
nitrogenase activity, because of their diversion to support
respiration. According to this hypothesis, the same phenom-
enon should occur anaerobically in the presence of other
metabolites which are reduced by the cells. To test this
hypothesis, we used sulfite (SO;7) and nitrite (NO, 7). Sulfite
is reduced to sulfide with the enzyme sulfite reductase (37).
Figure 3 shows that addition of sulfite to cell suspensions of
Rhodopseudomonas capsulata (Fig. 3A) and Rhodopseudo-
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FIG. 3. Effect of 2 mM sodium sulfite on the acetylene reduction
activity of whole cells of Rhodopseudomonas capsulata (A) and
Rhodapseudomanas sphaeroides (B). The arrows indicate when 20
wrl of an anaerobic solution of Na,SO; was added. Experimental
details are described in Materials and Methods.
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TABLE 2. Effect of sulfite and nitrite on nitrogenase and
photophosphorylation activities in Rhodopseudomonas
sphaeroides f. sp. denitrificans and on photophosphorylation
activity in Rhodopseudomonas capsulata B10°

. Photophos-
Organism Addition N::g%::; ise phorylr;tion
activity©

Rhodopseudomonas  None 77
capsulata 2 mM SO;~ 83
0.1 mM NO, 75
1 mM NO,~ 76
Rhodopseudomonas  None 0.50 23
sphaeroides 2 mM SO;~ 0.49 27
0.1 mM NO," 0.50 21
1 mM NO,~ 0.49 22

< Acetylene reduction was assayed in crude extracts, and photophos-
phorylation was assayed in chromatophore fractions as described in Materials
and Methods.

5 Nanomoles of C,H, formed per milligram of protein per hour.

< Nanomoles of O, consumed per milligram of protein per hour.

monas sphaeroides (Fig. 3B) caused inhibition of acetylene
reduction activity. Nitrite can be reduced by the enzyme
nitrite reductase. This epzyme is present in Rhodopseu-
domonas sphaeroides f. sp. denitrificans (36) but not in
Rhodopseudomonas capsulata B10 (9). In Rhodopseu-
domonas sphaeroides nitrite reductase activity is signifi-
cantly higher in cells grown in the presence of nitrate (26).
Figure 4 shows that, after the addition of NO,™ to Rhodo-
pseudomonas sphaeroides cells, acetylene reduction activity
was inhibited, but there was a difference between cells
grown with nitrate and cells grown without nitrate. In cells
grown in the presence of NO;~, 0.1 and 0.05 mM NO,~
caused complete inhibition of the activity (Fig. 4A). In the
case of 0.05 mM NO,™ the inhibition was relieved after
NO,~ was exhausted. When the cells were grown without
nitrate, acetylene reduction activity in vivo was inhibited
with 0.25 mM NO,™ but not with lower concentrations (Fig.
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FIG. 4. Effect of nitrite on the acetylene reduction activity of
whole cells of Rhodopseudomonas sphaeroides. The arrows indi-
cate when an anaerobic solution of KNO, was added, and the graphs
show the initial nitrite concentrations in the cell suspensions. (A)
Culture grown in the presence of 10 mM KNO;. Cells were
centrifuged, washed, and suspended in nitrate-free medium under
anaerobic conditions prior to the assay. Symbols: @, control; @,
0.05 mM KNO,; B, 0.1 mM KNO,; O, NO, concentration in the cell
suspension. (B) Culture grown in the absence of nitrate. Symbols:
@, control; B, 0.25 mM KNO,. The rest of the experimental details
are described in Materials and Methods.
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4B). Addition of 0.5 mM NO,™ to Rhodopseudomonas
capsulata B10 cells did not effect C;H, reduction activity
(data not shown).

Both sulfite and nitrite represent intermediate oxidation
states which can undergo oxidation and reduction and thus
might interfere with enzymatic activities. Therefore, we
checked for a possible direct effect of these ions on nitroge-
nase or on the production of ATP by photophosphorylation.
Table 2 shows that SO;™ at the same concentration that
inhibited nitrogenase activity in whole cells did not inhibit
acetylene reduction in crude extracts of Rhodopseudomonas
capsulata and Rhodopseudomonas sphaeroides and some-
what enhanced photophosphorylation activity in both
strains. Nitrite at concentrations up to 1 mM did not affect
photophosphorylation activity in chromatophores from ei-
ther Rhodopseudomonas capsulata or Rhodopséudomonas
sphaeroides. Nitrogenase activity was not inhibited by ni-
trite concentrations up to 1 mM.

DISCUSSION

Numerous studies of various aspects of biological nitrogen
fixation have shown that this is a conserved process. There
are marked similarities among a wide range of microorga-
nisms in the physiological and biochemical aspects of nitro-
gen fixation (3, 6, 7, 13, 14, 18, 21, 24, 25, 27, 39, 47). The
data presented in this paper, together with previously pub-
lished similar findings (18, 20, 47), show that the reversible
inhibition of acetylene reduction activity in vivo by oxygen,
termed switch-off, is an inherent property of nitrogen fixa-
tion that should be added to the list of similarities among
N,-fixing microorganisms.

Two different explanations are currently offered to ac-
count, on tlie one hand, for the inhibition of the enzymatic
activity in the presence of oxygen arid, on the other hand, for
the lack of irreversible damage to the enzyme. The first
explanation was proposed when the reversible inhibition of
nitrogenase activity was observed in Azotobacter chroo-
coccum and is related to a protection mechanism that is
called conformational protection (11). Robson (32) isolated
from this organism an O,-tolerant nitrogenase complex
which contained a 2Fe-2S protein and associated it with the
mechanism of this conformational protection. Haaker and
Veeger (15) and Scherings et al. (38) showed in Azotobacter
vinelandii that a 2Fe-2S protein, which was first isolated by
Shethna et al. (40), could be added to nitrogenase to form an
oxygen-stable complex, which these investigators inter-
preted as representing the switched-off enzyme. This com-
plex could be isolated only when the three proteins were in
the oxidized state and MgCl, was present. These binding
studies are important in relation to the protein chemistry of
nitrogenase, but their physiological relevance to the switch-
off phenoménon and protection against oxygen damage has
not béen clearly demonstrated yet, both because of lack of
spécificity, since nitrogenase proteins have been shown to
bind various cell components (5, 22, 45, 46), and because of
the finding that the half-life for autooxidation of the reduced
Azotobacter chroococcum protective protein is 4.5 min (31),
whereas the switch-off is instantaneous.

An alternative explanation for the switch-off of nitroge-
nase is that molecular oxygen competes with dinitrogen for
electrons. Although this explanation was suggested in sev-
eral studies (20, 29, 30, 47), the first direct experimental
evidence was given by Hochman and Burris (20). It was
shown that partial inhibition of respiration in Rhodopseudo-
monas capsulata caused an increase in the O, concentration
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required for the switch-off of nitrogenase. In this paper we
extend this finding to other N,-fixing microorganisms and
present more experimental data in support of this theory.
Our results concerning the effective oxygen coricentrations
which cause inhibition of nitrogenase in whole cells of K.
pneumoniae (50% inhibition at a concentration of 0.37 pM
and total inhibition at concentrations higher than 5.3 nM) are
in agreement with the findings of Hill et al. (19). These
investigators measured the influence of oxygen on nitroge-
nase activity by using a technique which exploits
leghemoglobin to measure the dissolved O, concentrations.
They showed that 50% inhibition, relative to &naerobic
conditions, was attained at 0.25 to 0.40 uM O, and that the
activity approached zero at 0.55 uM O,. However, Hill et al.
made no attempt to explain the nature of the inhibition. In
another study Bergersen et al. (1) showed that the K of the
dominant terminal oxidase in K. pneumoniae was 0.08 pM
0,. In agreement with this finding our data show that oxygen
starts to inhibit nitrogenase activity at a concentration of
about 0.1 uM, which indicates that it is the activation of
respiration that causes the inhibition. Furthermore, in the
mutant AH11, which has higher respiration rates, acetylene
reduction activity is lower than acetylene reduction activity
in the wild type at each O, concentration. In accordance
with what was shown in Rhodopseudomonas capsulata (20),
partial inhibition of respiration by CN~ caused an increase in
acetylene reduction both in the wild type and in the mutant
AH11 at each O, concentration. These results indicate that,
at low concentrations of dissolved O, in the culture, respi-
ration is capable of scavenging oxygen fast enough so that
the interior of the cells is kept anaerobic, and this accounts
for the lack of irreversible damage to the enzyme. On the
other hand, at this range of oxygen concentrations, respira-
tory activity increases with the increase in the dissolved O,
concentrations. This in turn causes the diversion of increas-
ing proportions of electrons to the reduction of oxygen,
thereby creating a shortage of electrons available for acety-
lene reduction. In Klebsiella aerogenes it has been shown
(44) that addition of oxygen to anaerobic cultures causes a
fast decrease in the ratio of NADH to NAD™. If a similar
response occurs in nitrogen-fixing cells, it could also affect
the ratio of ferredoxin reduction to ferredoxin oxidation,
which might result in a lower steady-state concentration of
reduced ferredoxin and, hence, slower electron transport to
nitrogenase. ‘

Our results on the reversible inhibition of nitrogenase by
oxygen indicate that this switch-off phenomenon is not a
mechanism of protection against oxygen damage. Rather, it
is a consequence of the system in which an electron acceptor
competes with other enzymes, whose activities are depen-
dent on a common pool of reducing power. In keeping with
this hypothesis are our results on the switch-off in vivo of
acetylene reduction under anaerobic conditions by sulfite
and nitrite. Both of these substrates are reduced by the
corresponding reductases that derive their reducing power
from the photosynthetic electron transport chain (34, 37),
which is also the source of reduced ferredoxin utilized by
nitrogenase (27). Indeed, the switch-off by nitrite is corre-
lated with the presence of nitrite reductase activity and its
level. Sulfite and nitrite have been shown to inhibit nitroge-
nase in vitro (42, 43); however, the range of concentrations
used in our study does not affect acetylene reduction in
crude extracts from either Rhodopseudomonas capsulata or
Rhodopseudomonas sphaeroides (Table 2). Satoh and
Shimazaki (35) have shown that both nitrate and nitrite
inhibit acetylene reduction activity in whole cells of Rhodo-
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pseudomongs sphaeroides f. sp. denitrificans, with nitrite
havmg a more pronounced effect arid exerting its mhlbltory
effect in ceils grown without nitrate. However, these inves-
tigators used much higher concentrations of the inhibitor (0.5
to 10 mM) than we did (0.05 to 0.25 mM).

In summary, we demonstrate in this paper, in agreement
with prevnous results (20), that the switch-off of mtrogenase
act1v1ty in vivo by oxygen in phototrophs and in K. pneu-
moniae is a natural consequence of the diversion of electrons
from nitrogenase to oxygen.

ACKNOWLEDGMENTS

This work was partially supported by grant 2375 from the Israel-
U.S.A. Binational Science Foundation to A.H.
We thank A. Hartmann for fruitful discussions.

LITERATURE CITED

1. Bergersen, F. J., C. Kennedy, and S. Hill. 1982. Influence of low
oxygen concentratlon on derepression of nitrogenase in Kleb-
siella pneumoniae. J. Gen. Microbiol. 128:909-915.

2. Bergersen, F. J., G. L. Turner, A. H. Gibson, and W. F.
Dudman. 1976. Nitrogenase activity and respiration of cultures
of Rhizobium spp. with special reference to concentration of
dissolved oxygen. Biochim. Biophys. Acta 444:164-174.

3. Biggins, D. R., M. Kelley, and J. R. Postgate. 1971. Resolution of
nitrogenase of Mycobacterium flavum 301 irito two components
and cross reaction with nitrogenase components from other
bacteria. Eur. J. Biochem. 20:140-143. :

4. Biggins, D. R., and J. R. Postgate. 1969. Nitrogen fixation by
cultures and cell-free extraéts of Mycobacterium flavum 301. J.
Gen. Microbiol. 56:181-193. _

5. Biggins, D. R., and J. R. Postgate. 1971. Nitrogen fixation by
extracts of Mycobacterium flavum 301. Use of natural electron
donors and oxygen-sensitivity of cell-free preparations. Eur. J.
Biochem. 19:408-415.

6. Brill, W. J. 1980. Biochemical genetics of mtrogen fixation.
Microbiol. Rev. 44:449-467.

7. Burgess, B. K. 1985. Nitrogenase mechanisin—an overview, p.
543-549. In H. J. Evans, P. J. Bottomley, and W. E. Newton
(ed.), Nitrogen fixation research progress. Martinus Nijhoff

~ Publishers, Dordrecht, The Netherlands.

8. Cannon, F. C., R. A. Dixon, J. R. Postgate, and S. B. Primrose.
1974. Chromosomal integration of Klebsiella nitrogen fixation
genes in Escherichia coli. J. Gen. Microbiol. 80:227-239.

9. Castillo, F., and J. Cardenas, 1982. Nitrate reduction by photo-
synthetic purple bacteria. Photosynth. Res. 3:3-18.

10. Clayton, R. K. 1963. Towards the isolation of a photochemical
reaction center in Rhodopseudomonas sphaeroides. Biochim.
Biophys. Acta 75:312-323.

11. Dalton, H., and J. R. Postgate. 1969. Effect of oxygen on growth
of Azotobacter chroococcum in batch and continuous cultures.
J. Gen. Microbiol. 54:463—473.

12. Drozd, J., and J. R. Postgate. 1970. Effects of oxygen on
acetylene reduction, cytochrome content and respiratory activ-
ity of Azotobacter chroococcum. J. Gen. Microbiol. 63:63-73.

13. Eady, R. 1981. Regulation of nitrogenase activity, p. 172-181. In
A. H. Glbson and W. E. Newton (ed:), Current perspectives in
nitrogen fixation. Australian Academy of Sciénce, Canberra,
Australia.

14. Emerich, D. W., and R. H. Burris. 1978. Complementary
functioning of the component proteins of nitrogenase from

_ several bacteria. J. Bacteriol. 134: 936—943 .

15. Haaker, H., and C. Veeger. 1977. Involvement of the cytoplas-
mic membrane in nitrogen fixation by Azotobdcter vmelandu
Eur. J. Biochem. 77:1-10.

16. Hartmann, A., H.-A. Fu, S.-D. Song, and R. H. Burris. 1985.
Comparison of nitrogenase regulation in Azospirillum
brasilense, A. lipoferum and A. amazonense, p. 116-126. In W.
Klingmuller (ed.), Azospirillum III. Genetics, physiology, ecol-
ogy. Springer-Verlag KG, Berlin.

17. Hill, S. 1971. Influence of oxygen concentration on the colony

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.
28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

J. BACTERIOL.

type of Derxia gummosa grown on nitrogen-free media. J. Gen.
Microbiol. 67:77-83.

Hill, S., J. W. Drozd, and J. R. Postgate. 1972. Environmental
effects on the growth of nitrogen fixing bacteria. J. Appl. Chem.
Biotechnol. 22:541-558.

Hill, S., G. L. Turner, and F. J. Bergersen. 1984. Synthesis and
actnvnty of nitrogenase in Klebsiella pneumoniae exposed to low
concentrations of oxygen. J. Gen. Microbiol. 130:1061-1067.
Hochman, A., and R. H. Burris. 1981. Efféect of oxygen on
acetylene reduction by photosynthetic bacteria. J. Bacteriol.
147:492-499. . ,
Hochman, A., 1. Frieberg, and C. Carmeli. 1975. The location
and function of cytochrome C, in Rhodopseudomonas
capsulata membranes. Eur. J. Biochem. 58:65-72.

Kelly, M. 1969. Some properties of purified nitrogenase of
Azotobacter chroococcum. Biochim. Biophys. Acta 171:9-22.
Lowry, O. H., N. J. Rosebrongh, A L. Farr, and R. J. Randall.
1951. ,Protem measurement with the Folin phenol reagent. J.
Biol. Chem. 193:265-275.

Maier, R. J., and W. J. Brill. 1976. Ineffective and non-
nodulating mutant strains of Rhizobium japonicum. J. Bacteriol.
127:763-769. .

Mevarech M., D. Rice, and R Haselkorn. 1980. Nucleotide
sequence of a cyanobactenal nifH gene coding for nitrogenase
reductase. Proc. Natl. Acad. Sci. USA 77:6476-6480.
Michalski, W. P., and D. J. D. Nicholas. 1984. The adaptation of
Rhodopseudomonas sphaeroides forma sp denitrificans for
growth under denitrifying conditions. J. Gen. Microbiol.
130:155-165.

Mortenson, L. E., and R. N. F. Thorneley. 1979. Structure and
function of nitrogenase. Annu. Rev. Biochem. 48:387-418.
Ormerod, J. G., K. S. Ormerod, and H. Gest. 1961. Light-
dependent utlllzatlon of organic compounds and photoproduc-
tion of molecular hydrogén by photosynthetic bacteria: relation-
ships with nitrogen metabollsm Arch. Biochem. Biophys.
94:449-463.

Parker, C. A., and P. B. Scutt. 1960. The effect of oxygen on
nitrogen fixation by Azotobacter. Biochim. Biophys. Acta
38:230-238.

Postgate, J. R., H. M. Kent, S. Hill, and H. Blackburn. 1985.
Nitrogen fixation by Desulfovibrio gigas and other species of
Desulfovibrio, p. 225-234. In P. W. Ludden and R. H. Burris
(ed.), Nitrogen fixation and CO, métabolism. Elsevier Science
Publishers, Amsterdam.

Robson, R. L. 1979. Characterization of an oxygen stable
nitrogenase complex isolated from Azotobacter chroococcum.
Biochem J. 181:569-575.

Robson, R. L. 1979. O -repression of nitrogenase synthesis in
Azotobacter chroococcum. FEMS Microbiol. Lett. 5:259-262.
Robson, R. L., and J. R. Postgate. 1980. Oxygen and hydrogen
in biological nitrogen fixation. Annu. Rev. Microbiol. 34:183-
207.

Satoh, T. 1984. Inhibition of electron transfer through the
cytochrome b-c; complex by nitric oxide in a photodenitrifier,
Rhodopseudomondas sphaeroides forma sp denitrificans. Arch.
Microbiol. 139:179-183.

Satoh, T., and T. Shimazaki. 1983. Effect of denitrification on
nitrogen fixation in light in a photodenitrifier, Rhodopseudo-
monas sphaeroides forma sp denitrificans. Plant Cell Physiol.
24:173-180.

Sawada, E., T. Satoh, and H. Kitamura. 1978. Purification and
properties of dissimilatory nitrite reductase of a denitrifying
phototrophic bacterium. Plant Cell Physiol. 19:1339-1351.
Schedel, M., M. Vanselow, and H. G. Truper. 1979. Siroheme
sulfite reductase isolated from Chromatium vinosum. Purifica-
tion and investigation of some of .its molecular and catalytic
properties.. Arch. Microbiol. 121:29-36.

Scherings, G., H. Haaker, H. Wassink, and C. Veeger. 1983. On
the formation of an oxygen-tolerant three-component nitroge-
nase complex from Azotobacter vinelandii. Eur. J. Biochem.
135:591-599.

Scott; K. F., B. G. Rolfe, and J. Shine. 1981. Biological nitrogen
fixation: primary structure of the Klebsiella pneumoniae nifH



VoL. 169, 1987

40.

41.

42.

43.

and nifH genes. Mol. Appl. Genet. 1:71-81.

Shethna, Y. 1., D. V. Dervartanian, and H. Beinert. 1968. Non
heme (iron-sulfur) proteins of Azotobacter vinelandii. Biochem.
Biophys. Res. Commun. 31:862-868.

St. John, R. T., V. K. Shah, and W. J. Brill. 1974. Regulation of
nitrogenase synthesis by oxygen in Klebsiella pneumoniae. J.
Bacteriol. 119:266-269.

Trinchant, J. C., and J. Rigaud. 1980. Nitrite inhibition of
nitrogenase from soybean bacteroids. Arch. Microbiol. 124:
49-54,

Trinchant, J.-C., and J. Rigaud. 1982. Nitrite and nitric oxide as
inhibitors of nitrogenase from soybean bacteroids. Appl.
Environ. Microbiol. 44:1385-1388.

45.

46.

47.

NITROGENASE SWITCH-OFF BY OXYGEN 879

. Wimpenny, J. W. T., and A. Firth. 1972. Levels of nicotinamide

adenine dinucleotide and reduced nicotinamide adenine dinucle-
otide in facultative bacteria and the effect of oxygen. J. Bacte-
riol. 111:24-32.

Yates, M. G. 1970. Effect of non-haem iron proteins and
cytochrome ¢ from Azotobacter upon the activity and oxygen
sensitivity of Azotobacter nitrogenase. FEBS Lett. 8:281-285.
Yates, M. G., and R. M. Daniel. 1970. Acetylene reduction with
physiological electron donors by extracts and particulate frac-
tions from nitrogen-fixing Azotobacter chroococcum. Biochim.
Biophys. Acta 197:161-169.

Yates, M. G., and C. W. Jones. 1974. Respiration and nitrogen
fixation in Azotobacter. Adv. Microb. Physiol. 11:97-136.



